Unified Theory of Vapor-Wall Mass Transport in Teflon-Walled Environmental Chambers by Huang, Yuanlong et al.
Subscriber access provided by Caltech Library
Environmental Science & Technology is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.
Article
Unified Theory of Vapor-Wall Mass Transport
in Teflon-Walled Environmental Chambers
Yuanlong Huang, Ran Zhao, Sophia M. Charan, Christopher M Kenseth, Xuan Zhang, and John H. Seinfeld
Environ. Sci. Technol., Just Accepted Manuscript • DOI: 10.1021/acs.est.7b05575 • Publication Date (Web): 29 Jan 2018
Downloaded from http://pubs.acs.org on January 30, 2018
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.
Unified Theory of Vapor-Wall Mass Transport in
Teflon-Walled Environmental Chambers
Yuanlong Huang,† Ran Zhao,‡ Sophia M. Charan,‡ Christopher M. Kenseth,‡
Xuan Zhang,¶ and John H. Seinfeld∗,‡,§
†Division of Geological and Planetary Sciences, California Institute of Technology,
Pasadena, CA, USA, 91125
‡Division of Chemistry and Chemical Engineering, California Institute of Technology,
Pasadena, CA, USA, 91125
¶National Center for Atmospheric Research, Boulder, CO, USA, 80301
§Division of Engineering and Applied Science, California Institute of Technology,
Pasadena, CA, USA, 91125
E-mail: seinfeld@caltech.edu
Phone: +1 626 395 4635. Fax: +1 626 568 8743
1
Abstract2
Secondary organic aerosol (SOA) formation is studied in laboratory chambers, in3
which volatile organic compounds (VOCs) are oxidized to produce low-volatility com-4
pounds that condense into the aerosol phase. It has been established that such oxidized5
low-volatility compounds can partition into the chamber walls, which traditionally con-6
sist of Teflon film. Several studies exist in which the rates of uptake of individual vapor7
compounds to the chamber walls have been measured, but a unified theory capable of8
describing the range of experimental measurements has been lacking. Here, a two-layer9
model of observed short and long vapor-wall interaction timescales in Teflon-walled en-10
vironmental chambers is presented and shown to be consistent with experimental data11
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on the rate of wall deposition of more than 90 compounds. Semi-empirical relation-12
ships between key parameters in the model and vapor molecular properties are derived,13
which can be used to predict the fate of gas-phase vapor in the chamber under dry14
conditions.15
Introduction16
The environmental chamber is a principal laboratory system used to study the formation,17
properties, and evolution of secondary organic aerosol (SOA).1 The typical material from18
which chambers are constructed is Teflon film (fluorinated ethylene propylene, FEP). The19
process of SOA formation involves oxidation of a volatile organic compound (VOC) to gen-20
erate low-volatility gas-phase products that subsequently condense into the aerosol phase. It21
has been established that these oxidized products may also partition into the Teflon chamber22
walls.2–16 Such vapor-wall loss reduces the potential yield of SOA and must be accounted for23
in analysis of experiments. Current treatments of vapor-wall deposition in chambers consider24
the FEP film as an infinite medium into which vapor molecules dissolve.25
The extent of partitioning of oxidized organic species typical of SOA into Teflon film26
has been studied experimentally by introducing species individually into a chamber and27
measuring their rate of decay from wall uptake. The uptake has been characterized by the28
timescale required to approach vapor-wall equilibrium (τw). Previous studies indicate that τw29
can be competitive with the timescales of other processes occurring in the chamber, such as30
the rate of VOC oxidation and the timescale associated with vapor-particle partitioning.4,1431
The timescale τw is governed by gas-phase diffusion through the boundary layer adjacent32
to the chamber wall, followed by uptake into the wall itself. Two major studies of vapor-33
wall uptake of individual organic species typical of VOC oxidation products have reported34
significantly different time scales for vapor uptake, namely τw ∼ 10 min12 and τw ∼ 10 h.1035
Possible reasons for the observed discrepancy in vapor-wall uptake rates include differences36
in the particular chemical systems studied or in the experimental protocol itself. The goal of37
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the present work is to formulate and evaluate experimentally a unified theory of vapor-wall38
mass transport and uptake in Teflon-walled environmental chambers.39
Two-Layer Kinetic Sorption Model40
We introduce a two-layer kinetic sorption model (Fig. 1A), inspired by that proposed by41
Crank,17 to explain the stress-dependent diffusion of vapor molecules into polymer film. In42
the two-layer model, after traversing a gas-phase boundary layer, vapor molecules enter a43
sharp, swollen outer layer in the Teflon that is thought to be stress-free, in which equilibrium44
with the gas phase is established relatively rapidly. It is estimated that a pseudo-steady state45
profile in the gas-phase boundary layer is achieved on a timescale of order 10 s (Supporting46
Information, SI. I). Vapor molecules absorbed into the outer polymer layer (denoted the47
“Surface layer” in Fig. 1A) then slowly diffuse into the interior of the polymer film (the48
“Inner layer” in Fig. 1A) by breaking inter-chain bonds, impeded by the stress exerted by49
the polymer network.50
Surface Layer51
The Teflon FEP film is treated as a solution into which the molecules dissolve. Matsunaga52
and Ziemann 3 proposed that vapor-wall partitioning equilibrium can be represented by an53
effective organic mass concentration of the wall itself, Cw, by analogy to the effective aerosol54
mass concentration used in describing vapor-particle uptake.18 Here, we introduce Cw and55
C ′w, respectively, to distinguish between the compound-independent and -dependent equiva-56
lent mass concentration of the Teflon wall. These quantities are related by C ′w =
Cw
γ∞
, where57
γ∞ is the activity coefficient of the solute vapor dissolved in an infinitely dilute solution of58
Teflon film. The compound-dependent C ′w reflects, therefore, the effect of the compound’s59
activity in Teflon film. The process of partitioning into Cw corresponds to the surface layer60
absorption.61
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It is advantageous to define an effective thickness of the surface layer, L′e. L
′
e is related62
to C ′w by L
′
e =
V
A
C ′w
ρw
, where V and A are the volume and surface area of the chamber,63
respectively, and the density of FEP film19 is ρw = 2150 kg m
−3. Note that this effective64
thickness L′e is related to the physical thickness of the surface layer Le by L
′
e =
Le
γ∞
. Mea-65
surements of Cw suggest that Le is of order 1 nm,
3,9,12 corresponding to a sharp air-polymer66
interface. This behavior is similar to that of a typical vapor-liquid interface, wherein the67
density increases sharply from the bulk vapor to the bulk liquid over a distance of order 168
nm (10 − 20 nominal molecular diameters).20 For water molecules, this distance is ∼ 3.3 −69
8.4 A˚.21 For Teflon film, in determining C ′w, Matsunaga and Ziemann
3 assumed an effective70
molecular weight of Teflon film of 200 g mol−1; we adopt this assumption here, for which the71
effective Teflon molecular diameter is 0.54 nm. We tentatively take Le = 5 nm, correspond-72
ing to a value of Cw = 32.2 mg m
−3 (assuming γ∞ = 1 and
A
V
= 3 m−1), consistent with the73
suggestions by Krechmer et al. 12 and Yeh and Ziemann.9 The molecular diffusivity in the74
swollen and stress-free surface layer, that is of order 10−13 m2 s−1,22 establishes a timescale75
of ∼ 1 ms to achieve concentration uniformity within the surface layer.76
A key parameter in the kinetic sorption model is the vapor-wall equilibrium constant,77
Kw, similar to a Henry’s law constant. The dimensionless Kw =
ρw
γ∞c∗
MWvoc
MWw
, where MWvoc78
and MWw are the mean molecular weights of the VOC vapor and FEP film, respectively,79
and c∗ is the saturation mass concentration of the vapor. Typically, the activity coefficient80
of a compound in Teflon film, γ∞, is the only unknown parameter in the expression for81
Kw. Limited information exists to constrain the value of γ
∞, and the activity coefficient γ∞82
is often assumed to be unity.3,9,12 Within the consistent model framework developed here,83
γ∞ is defined as the ratio of the physical thickness of the surface layer, Le, to the effective84
thickness, L′e, i.e. γ
∞ =
Le
L′e
. If γ∞ = 1, the FEP film behaves as an ideal solution. If85
γ∞ > 1, the vapor molecules prefer to remain in the gas phase; if γ∞ < 1, vice versa. Values86
of γ∞ for a wide variety of compounds calculated from the literature3,5,9,12 as a function of c∗87
estimated by EVAPORATION23,24 as shown in Fig. S2-A and Table 1 indicates that γ∞ >88
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1. The inverse linear relationship between γ∞ and c∗ suggests that FEP polymer is not89
generally hospitable for VOCs. This behavior, however, does not conflict with the presence90
of low volatility compounds in the Teflon film, since the vapor-wall equilibrium constant91
depends more strongly on c∗ than γ∞, such that compounds with lower c∗ will haver higher92
Kw values (see Table 1 for dependence of γ
∞ on c∗). Furthermore, the equilibrium fraction93
of solute remaining in the gas phase, Fg, (Fig. S2-B) is consistent with the observation that94
less volatile compounds tend to reside preferentially in the wall.95
Inner Layer96
The magnitude of the inner layer (Fig. 1) effective diffusivity, Deff, is key to determining the97
temporal behavior of the bulk gas-phase concentration, Cbg(t), in a sufficiently long-duration98
experiment (∼ 10 h). Deff is considered to be influenced by the existence of FEP film in a99
glassy state, a coexistence of liquid and solid states, the latter of which comprises immobile100
micro-voids.25 Dual sorption theory26 asserts that whereas free molecules can diffuse through101
the liquid layer, deeper diffusion must satisfy the Langmuir adsorption isotherm on the inner102
surface of local micro-voids.26 As a result, the molecular diffusivity in polymer is lower than103
that in pure liquid (10−13 − 10−9 m2 s−1).27 The overall Deff of molecules absorbed in the104
Teflon inner layer is of order 10−22 − 10−17 m2 s−1, well within the range of semi-solid105
diffusivities.28 By fitting time-dependent Teflon uptake rates of a variety of species, one can106
estimate the Deff values.107
Governing Equations Describing Uptake of Vapor Molecules in the108
Two-Layer Model109
The mass transport coefficients across the gas-phase boundary layer and through the vapor-110
Teflon interface (Fig. 1) can be written as ve =
2
pi
√
keDg and vc = αwω
4
, respectively, where111
ke is the eddy diffusivity coefficient for mixing in the chamber, Dg is the vapor molecular112
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diffusivity in air, αw is the vapor-wall accommodation coefficient (see discussion in SI. II),113
and ω is the vapor molecular mean speed. From mass transfer resistance theory, the overall114
mass transport coefficient across the gas-phase boundary layer and the air-Teflon interface is115
vl =
(
1
ve
+
1
vc
)−1
. For quasi-steady state gas-phase boundary layer diffusion (see discussion116
in SI. I), the bulk gas-phase mass flux Jb (µg s
−1) to the Teflon surface is:117
Jb = Avl
(
Cbg(t)−
Cs(t)
Kw
)
(1)
where Cbg is the gas-phase concentration in the bulk chamber and Cs is the concentration of118
vapor dissolved in the wall surface layer. The mass balance for Cbg involving vapor-wall mass119
transfer and gas-phase chemical reactions is:120
dCbg(t)
dt
= −
(
A
V
)
vl
(
Cbg(t)−
Cs(t)
Kw
)
+
i∑
Ri (2)
where
i∑
Ri represents the net generation or consumption of the species by chemical reac-121
tion.122
Within the Teflon surface layer, the diffusive flux, Jd (µg s
−1), at the surface layer-inner123
layer boundary is:124
Jd = −ADeff ∂Ci(x, t)
∂x
∣∣∣∣
x=Le
(3)
where Ci is the concentration of vapor molecules in the wall inner layer. Time-dependent125
mass conservation for Cs is given by:126
dCs(t)
dt
=
vl
Le
(
Cbg(t)−
Cs(t)
Kw
)
+
Deff
Le
∂Ci(x, t)
∂x
∣∣∣∣
x=Le
(4)
Diffusion of the dissolved solute in the inner Teflon layer obeys:127
∂Ci(x, t)
∂t
= Deff∂
2Ci(x, t)
∂x2
(5)
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Associated initial and boundary conditions are:128
Cbg(0) = C
b
g0; Cs(0) = Cs0;
Ci(x, 0) = 0; Ci(0, t) = Cs(t); Ci(∞, t) = 0;
(6)
Cbg0 and Cs0 are appropriate initial concentrations. For example, Cs0 = 0 corresponds to129
a pristine chamber condition, while Cbg0 =
Cs0
Kw
applies if the bulk gas-phase and surface130
layer concentrations are at equilibrium at the beginning of an experiment. The boundary131
condition as x→∞ expresses the consequence of the slow diffusion in the inner layer relative132
to the overall extent of the layer itself. If Deff is sufficiently small such that penetration into133
the inner layer is negligible over an experiment, the mass conservation equations reduce to134
a single-layer sorption model, in which the corresponding vapor-wall equilibrium timescale135
(τvwe) is:136
τvwe =
(
A
V
)−1(
1 +
V
KwLeA
)−1
v−1l (7)
Table 1 summarizes the key parameters that represent vapor-wall deposition in chamber137
experiment simulations.138
Aqueous Film Model139
Under sufficiently high relative humidity conditions (RH > 90%), it is assumed that an140
aqueous film of thickness Laq exists on the chamber wall (Fig. 1B). Since the diffusivity of141
vapor molecules in water Daq is ∼ 1× 10−9 m2 s−1,29 the estimated timescale (
L2aq
Daq ) for the142
dissolved vapor concentration to reach uniformity in this thin layer of water is sufficiently143
small (e.g. ∼ 10−1 s if Laq = 10 µm) such that the rate-limiting step for uptake is either144
gas-phase boundary layer diffusion or interfacial accommodation at the air-water interface.145
Since oxidized VOCs tend to be polar molecules, γ∞ in aqueous solution should be146
smaller than that in Teflon polymer solution, such that partitioning in the aqueous phase is147
preferred over the polymer phase. Thus, in this case, a reasonable assumption is that vapor148
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partitioning does not proceed beyond the thin water film on the Teflon surface.149
For this single-layer model, EQ. (7) can be directly applied to the aqueous film uptake,150
replacing Kw and Le with the Henry’s law constant H and Laq, respectively. As described151
in SI. II, based on measured timescale and equilibrium constants, it is possible to estimate152
the accommodation coefficient of the water surface.153
Experimental Study of Vapor-Wall Uptake154
To study vapor-wall interaction, we either (i) generated the compounds in situ by VOC155
oxidation in the chamber,10,12,30–34 or (ii) injected the compounds of interest (purchased156
or synthesized) into the chamber.2,3,9,28,35–38 The two-layer kinetic model is applied to two157
laboratory data sets from the Caltech Environmental Chamber (24 m3,
A
V
∼ 2 m−1) on158
the dynamics of vapor-wall deposition of individual compounds: (i) Zhang et al. 10 corre-159
sponding to in situ generation and (ii) deposition measurements of alcohols (1-hexanol 98%,160
1-heptanol 98%, 1-octanol ≥ 99%, 1-nonanol 98%, 1-decanol ≥ 99%, 1-undecanol ≥ 97.5%,161
and 1-dodecanol 98%), aromatics (toluene 99.8%, m-xylene ≥ 99%, o-xylene 98%, and 1,3,5-162
trimethylbenzene 98%), alkanes (n-dodecane ≥ 99%, n-tridecane ≥ 99%, n-tetradecane ≥163
99%, n-octylcyclohexane 98%), and biogenics (isoprene 99%, methacrolein 95%, methyl vinyl164
ketone 99%, and α-pinene ≥ 99%) (all purchased through Sigma-Aldrich) by direct injection.165
In the experiments conducted by Zhang et al.,10 in situ oxidation of α-pinene, n-dodecane,166
toluene, and isoprene were carried out under high- and low-NOx conditions, with oxidation167
periods varying from 1 to 7 h. A customized CF3O
– -CIMS39 (chemical ionization mass168
spectrometry) was used to monitor the vapor-wall decay rates. Refer to Zhang et al. 10 for169
more experimental details. In the direct injection experiments, a bulb containing 10 to 50170
µL of pure or mixed liquid VOCs was maintained at 65◦C (as well as the 50 cm stainless171
injection line, 3/8 in. OD) to ensure complete injection at a flow rate of 5 L min−1 of clean172
air (∼ 100 ppb in the chamber, several orders of magnitude lower than the saturation vapor173
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pressure). Before each injection, the chamber has been flushed with clean air at a flow rate of174
370 L min−1 for 24 h at 45◦C. The injection period varied from minutes (biogenics) to hours175
(alcohols). After the injection period, 5 pulse injections of clean air were used to actively176
mix the chamber without significantly altering its volume. The chamber is considered to be177
well mixed ∼ 5 min after this operation, which is especially relevant for compounds with178
short injection periods. A series of RH-dependent studies was carried out in the chamber179
under 8%±5%, 50%±5% and, 80%±5% RH at 20◦C.180
Over ∼ 18 h in the dark, a gas chromatograph with flame ionization detector (GC/FID,181
Agilent 6890N) was used to monitor the temporal concentration changes at a continuous182
sampling flow rate of 0.29 L min−1 through a perfluoroalkoxy (PFA) Teflon tube (1/4 in. OD,183
3/16 in. ID, and 2.0 m length). Pagonis et al. 40 note that use of a PFA Teflon tube induces184
a response time lag for “sticky” compounds; the continuous flow through the sampling tube185
and lower sampling time resolution (∼ 10 min) act to smooth this effect. A HP-5 column186
(30 m × 0.32 mm ID × 0.25 µm film thickness) was used for alcohols, aromatics, alkanes,187
and α-pinene, and a HP-PLOT Q column (15 m × 0.53 mm ID × 40 µm film thickness) was188
used for isoprene, methacrolein (MACR), and methyl vinyl ketone (MVK). For mixtures,189
the GC temperature ramping procedure was adjusted to obtain full peak resolution. It is190
challenging to clearly define the start time for GC measurements of compound dark decay.191
We ignore the first 3 to 5 data points of the GC measurements, which is ∼ 1 h after injection,192
on the assumption that the vapor concentrations in the the gas phase and the surface layer193
have reached equilibrium.194
Additionally, studies of in situ 20 s-pulse generated compounds12 from isoprene oxidation195
under 8%±5%, 50%±5% and > 90% RH were carried out. When RH > 90%, an aqueous196
film was introduced to the surface of Teflon film by injecting water vapor into the chamber197
at 30◦C until the RH reached ∼ 80% and cooling to 20◦C to facilitate a uniform water film198
condensation on the wall, as evidenced visually by the blurry appearance of the chamber.199
Isoprene (∼200 ppb), ∼ 1.2 ppm NO (Airgas, 500 ppm ±1%), and ∼ 1.2 ppm CH3ONO200
9
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(synthesized following Taylor et al. 41) were injected to the chamber, respectively. UV lights201
were turned on for 20 s (jNO2 = 0.0044 s
−1), and no nucleation was observed after lights off.202
Oxidation products were monitored with a custom-modified I– -CIMS42 with a 2 L min−1203
sampling rate through 1/4 in. PFA tube. A permeation tube with pure liquid CH3I (Sigma-204
Aldrich, 99%) was used for reagent ion generation in I– -CIMS, where vapor molecules X are205
detected as the cluster (X · I– ).206
In the two-layer kinetic model simulation, the values of ke and Dg used are 0.075 s−1207
and 5 × 10−6 m2 s−1, respectively, for all compounds.6 The accommodation coefficient αw208
is calculated by a fitted empirical equation based on literature data (Table 1 and Fig. S3,209
see SI. II for details). Activity coefficients for the compounds studied in Zhang et al. 10 are210
predicted by the equation in Table 1 and Fig. S2-A. Since the oxidation period in Zhang211
et al. 10 varied from 1 to 7 h, it is reasonable to assume that an equilibrium state between212
the bulk chamber and the surface layer had been reached, i.e. Cbg =
Cs
Kw
, when lights are213
off. This assumption excludes the oxidation period from the fitting process. We will address214
subsequently the effect of the oxidation period on the temporal profile of bulk concentration.215
Results and Discussion216
Effect of Oxidation Period on Vapor-Wall Partitioning217
To study vapor-wall interaction, the species of interest is introduced to the chamber by either218
direct injection or in situ generation. During injection, the more volatile compounds generally219
require less time to inject but achieve wall partitioning more slowly (e.g. n-alkanes3), whereas220
less volatile compounds require a longer injection time, during which the bulk chamber and221
the wall may have already reached equilibrium when injection is completed. Even though the222
injection period can be shortened by heating the bulb and the injection line,3,9 for passively223
mixed chambers the chamber mixing timescale may be the limiting factor to obtain a well-224
mixed concentration in the chamber. This mixing issue is avoided with in situ generation225
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of oxidation products. Ideally, the VOC oxidation period is short, so as to approximate as226
closely as possible a pulse input of oxidation products.12 This is important, as the anticipated227
equilibration time between generation in the chamber and absorption by the surface layer of228
Teflon is of order 103 s.12 However, generation of detectable concentration of products usually229
requires a relatively long oxidation time (OH concentration is typically ∼ 106 molecules230
cm−3), during which period equilibrium between the bulk chamber and the surface layer is231
likely to be achieved.232
An idealized kinetic model is useful to describe the interplay between in situ oxidation233
and the approach to vapor-wall equilibrium. Let us assume that the VOC oxidation can be234
represented by the first-order reaction G
k0−−→ X, where G is the VOC precursor, X is the235
oxidation product (i.e. the bulk concentration Cbg(t) in Eq. (2)), and k0 is an effective first-236
order rate constant. Since diffusion in the inner layer of the Teflon film is sufficiently slow, it is237
reasonable to ignore the inner layer uptake of the vapors during the oxidation period, i.e. the238
second term in Eq. (4). By multiplying a scaling factor
A
V
Le to Cs(t) in Eq. (4), the system239
can be represented kinetically by G
k0−−→ X k1−−⇀↽−
k–1
Y, where Y =
A
V
LeCs(t), k1 =
A
V
vl, and240
k–1 =
1
LeKw
vl. The equilibrium constant for this system is Keq =
k1
k−1
= Kw
A
V
Le. By this241
representation, vapor-wall partitioning during the VOC oxidation period is mathematically242
analogous to a classical equilibrium reaction system.243
The departure from vapor-wall equilibrium at the end of the reaction period is defined by244
the normalized deviation  =
Ye − Y0
Ye
=
X0 −Xe
XeKeq
, where X0 and Y0 are the concentrations245
of X and Y at the end of the oxidation period, and Xe and Ye are the concentrations at246
equilibrium. Thus, a value of  = 0 indicates that equilibrium has already been reached247
at the end of the oxidation period, whereas a value of  close to 1 suggests that from248
the measured concentration change of X one can derive the characteristic time scale and249
equilibrium constant for vapor-wall deposition. Note that it is necessary only to focus on250
species X since that is the compound being measured. An analytical solution for the time-251
dependent dynamics of this kinetic system is given in SI. III.252
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For the compounds examined in this study and by Zhang et al.,10 the oxidation period253
τox varies from ∼ 10 s to ∼ 7 h. Assuming that 5% of the precursor G is consumed at the end254
of the oxidation period, the reaction rate constant k0 follows the relationship τoxk0 = 0.05.255
The forward rate constant k1 is determined by the mixing time scale in the chamber (ke), as256
well as the surface accommodation coefficient (αw). Using ke = 0.075 s
−1, Dg = 5× 10−6 m2257
s−1, and αw = 10−5 (discussion in SI. II suggests that most of the compounds studied here258
are located in the gas-phase boundary layer diffusion regime, where the critical αw ∼ 10−6,259
for simplicity, a fixed value of 10−5 for αw is assumed here), a value of k1 = 4.02×10−4260
s−1 is obtained, which is of the same order of magnitude as the values reported in the wall261
deposition study by Krechmer et al..12 A contour plot (Fig. 2) of  as a function of vapor-wall262
equilibrium constant, Kw
A
V
Le, and oxidation period, τox, indicates that the majority (∼ 75%)263
of the compounds studied in Zhang et al. 10 had already reached vapor-wall equilibrium at264
the end of the relatively lengthy oxidation period. In such a case, it is reasonable to estimate265
the diffusivity in the inner layer by assuming equilibrium between the bulk chamber and266
the surface layer. The small value of the wall accommodation coefficient reported by Zhang267
et al. 10 likely represents a combination of surface accommodation and inner layer diffusion.268
Fig. 2 shows explicitly the effect of the length of the oxidation period on the surface-layer269
equilibrium process, since inner-layer diffusion will dominate the dynamics of the vapor sink270
in a long-duration oxidation experiment.271
Diffusion in Teflon Polymer272
The inferred diffusivities Deff of species dissolved in Teflon film obtained by fitting data to273
the two-layer model as a function of the molecular saturation concentration c∗ are shown in274
Fig. 3A. Deff values are in the range of 10−22 − 10−17 m2 s−1, which is of order 106 smaller275
than those of small organic molecules in polymer film,22,27,43 a result that is consistent with276
the higher energy barrier for larger molecules.17,43 A transition state between solid and liquid277
diffusivities of this order of magnitude is well within the range of those in semi-solid organic278
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aerosol particles.27279
With the assumption that the molecular diffusivity in FEP film can be expressed as a280
function of molecular volume, we apply a semi-empirical equation to correlate the diffu-281
sivity as a function of vapor molecular volume (θ in cm3 mol−1)44 and vapor saturation282
concentration (c∗ in µg m−3). c∗ is used as the parameter that incorporates the contribution283
from different functional groups, and, as noted earlier, is estimated by the empirical routine284
EVAPORATION.23,24 The diffusivities obtained from the semi-empirical equation (Table 1)285
are shown in Fig. 3B. 95% of the predicted diffusivities lie within an order of magnitude of286
those inferred Deff . The high order of negative molecular volume dependence is consistent287
with the expectation that the larger the molecule, the smaller the diffusivity. The critical288
volume in the semi-empirical equation (110.9 cm3 mol−1) can be viewed as a characteris-289
tic “hole” in the film; thus, small molecules only have to overcome the crosslinks between290
polymer chains. The fitted value of the critical volume is found to exceed those of most291
of the molecules studied previously;22,43 thus the semi-empirical relation given in Fig. 3B292
cannot be used for molecules smaller than the critical volume. The diffusivity is found to be293
mildly dependent on vapor saturation concentration, reflecting the effect of the presence of294
functional groups (or molecular shape) on molecular diffusivity.295
Diffusivities of vapor molecules in fresh and aged Teflon chambers have also been investi-296
gated. Though the absorption properties of the surface layer were reported to be unchanged297
in either fresh or aged Teflon chambers,3 by fitting experimental data in the Caltech cham-298
ber,10 we found that the inner layer diffusivity increased with use of chambers, consistent299
with the observations by Loza et al..2 Such behavior could be attributed to alteration of300
inter-chain bonds, such that subsequent diffusion is characterized by internal stress relax-301
ation.17,43 See discussion in SI.IV for additional details.302
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Humidity Effect303
For polymer film chambers, permeation of ubiquitous ambient water vapor through the film304
is possible given the small molecular volume and high diffusivity (∼ 10−12 m2 s−1) of water305
in such polymer films.45 The dissolution of water molecules in the Teflon film can exert an306
impact on the behavior of organic molecules therein. For hydrophilic compounds, the water307
could facilitate the absorption of the vapors into the film, while for hydrophobic compounds,308
it could exert a retarding effect. In the high humidity case, in which an aqueous film is309
hypothesized to be present on the Teflon surface (Panel B of Fig. 1), it is evident that310
hydrophilic compounds would dissolve in the aqueous film.311
The limited studies of RH-dependent vapor-wall interaction in chambers that exist re-312
port that the vapor-wall loss rate increases at higher RH (> 50%).2,35,37,38 It is notable that313
the compounds that have been studied in this regard are either reactive with water (e.g.314
IEPOX35,37) or highly water soluble (e.g. HCOOH, H2O2
38 and glyoxal2). These observa-315
tions are consistent with the existence of water molecules in the Teflon film facilitating the316
absorption of hydrophilic compounds. We used two experimental strategies to investigate317
the role of RH in vapor-wall interaction.318
In the first class of experiments, we injected into the chamber at different RH levels319
several groups of compounds (alcohols, alkanes, aromatics, and biogenics) that are not highly320
water soluble and have relatively large molecular volume. A GC/FID was used to monitor321
the long-term dark decay of these compounds. The inferred diffusivities of the alcohols,322
alkanes, aromatics, and biogenics in Teflon are shown in Fig. S5, indicating that most of the323
diffusivities decrease as RH increases. It is expected that at high RH, more water molecules324
dissolve in the Teflon film, such that intrusion of hydrophobic compounds is hindered.325
Second, we carried out the same experimental protocol as that of Krechmer et al. 12 based326
on an in situ pulse generation of oxidation products (OH concentration is ∼ 108 molecules327
cm−3). The temporal profiles of two isoprene oxidation products (C5H8O2 and C5H9O4N)328
are shown in Fig. 4. Under dry conditions (RH ∼ 5%), C5H8O2 and C5H9O4N exhibit329
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essentially the same diffusivities as those observed by Zhang et al..10 However, at RH ∼330
50%, the two compounds behave differently; a faster decay rate is observed for C5H9O4N,331
which is likely attributable to hydrolysis of the compound containing a –ONO2 group.
46
332
When a water film is introduced intentionally (RH > 90%), the signals of both compounds333
decrease rapidly after the lights are off at almost the same rates, reaching a constant level334
for the next 8 h. By fitting the data at RH > 90% in Fig. 4 to the aqueous film model (Fig.335
1B), a characteristic timescale is found to be ∼ 22 min for each compound, considerably336
faster than that due to inner layer diffusion under dry conditions. This value is in the range337
of vapor-wall equilibrium timescales (τw) reported by Krechmer et al.
12 and Matsunaga338
and Ziemann.3 With an estimated chamber eddy diffusivity of 0.075 s−1,6 the calculated339
accommodation coefficients of C5H8O2 and C5H9O4N at the water surface are 3.06×10−5340
and 1.32×10−5, respectively, consistent with gas-phase boundary layer mass transport being341
the rate-limiting step in the fast equilibrium sorption process.342
The water film serves as a substantial reservoir given that both compounds are water343
active (soluble or reactive). By comparison, the inferred equilibrium constants, Keq, for both344
compounds in the aqueous film exceed those in the dry Teflon film by factors of 186 and345
21, suggesting that the majority of the vapor molecules remain within the aqueous layer.346
The results of this aqueous film experiment are consistent with the conclusion that in SOA347
formation experiments under high RH conditions, the presence of a condensed water film on348
the wall will exacerbate vapor-wall loss of hydrophilic oxidation products.349
Mechanistic Representation of Vapor-Wall Deposition350
After the introduction of vapors into the chamber (either by injection or in situ generation),351
loss due to wall uptake is generally reported as first order. The experimental results reported352
here show that, in addition to the establishment of rapid equilibrium between the bulk gas353
phase and the surface layer of the chamber wall (τsurf ∼ 103 s), inner layer diffusion as354
well as chemical reactions (e.g. hydrolysis) can lead to a continuous decay of the gas-phase355
15
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vapors in the bulk chamber. This process can be represented kinetically by the following356
system: Source −−→ X k1−−⇀↽−
k–1
Y
k2−−→ Z, where Source represents injection or in situ oxidation.357
Species X and Y represent the same compound in different phases, and species Z is the same358
compound in the third phase (e.g the inner layer in this case). Correspondingly, k2 represents359
either the first-order chemical reaction rate constant or the mass transfer coefficient. The360
forward and backward rate constants k1 and k–1 govern the approach to phase equilibrium361
of X and Y.362
When injection or in situ oxidation has ceased, the above dynamic system can be repre-363
sented simply as X
k1−−⇀↽−
k–1
Y
k2−−→ Z. If species X and Y have reached equilibrium, and if k2 364
k1 + k–1, a slow decay follows a rapid equilibrium. The time-dependent analytical solution365
of this kinetic system is presented in SI. VI. The apparent first-order decay rate constant,366
kXw , of species X exhibits the long-time asymptote
Keq
1 +Keq
k2, where Keq =
k1
k−1
as defined367
above.368
The net loss rate constant k2 is a function of diffusivity Deff. To obtain a relationship369
between k2 and Deff, an empirical equation can be fitted as shown in Fig. 5, where k2 and Deff370
both emerge from fitting experimental data from the equilibrium reaction model and the two-371
layer diffusion model. For comparison, k2 values derived from reported apparent first-order372
loss rates, kw, by the asymptotic relationship, kw =
Keq
1 +Keq
k2, and the inferred diffusivities373
are shown in Fig. 5. Many of these reported data points lie within the uncertainty of the374
empirical relationship. The small reported k2 values may be the result of different chamber375
conditions,30,32,35 or the use of the asymptote, since some of the data are from the observation376
within 2 h (as indicated in SI. VI, in the short time period, the apparent kw is small). Note377
that this empirical relationship does not account for the presence of heterogeneous reactions,378
which may change the value of k2.379
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Atmospheric Implications380
Teflon-walled laboratory chambers serve as the predominant system for the study of atmo-381
spheric SOA formation. Clear evidence exists for the deposition of VOC oxidation products382
on polymeric Teflon chamber walls. Such deposition removes products that would otherwise383
condense onto particles as SOA. Since the presence of wall deposition of vapors leads to an384
underestimate of the atmospheric SOA-forming potential of the parent VOC, data that have385
been influenced by such wall deposition will lead to an underprediction of SOA formation386
when extrapolated to the atmosphere.387
The wall deposition process involves transport of vapor molecules from the core of the388
chamber to a boundary layer on the wall of the chamber, through which vapors are trans-389
ported to the wall surface by a combination of molecular diffusion and macroscopic mixing.390
Vapor molecules diffuse into the Teflon polymer matrix by a process akin to that of uptake391
into a condensed phase. Observed rates of molecular uptake into Teflon polymer are found to392
be consistent with a model of the Teflon film consisting of two layers: (1) a thin surface layer393
into which vapor molecules penetrate first through the gas-phase boundary layer and second394
across the interface, over a time scale of order 103 s; and (2) a deeper layer of effectively395
semi-infinite extent into which the absorbed vapor molecules diffuse from the surface layer.396
The uptake rates by Teflon-walled chamber of over 90 individual organic vapor species are397
found to depend upon their molecular saturation vapor concentration (c∗) and molecular398
size (θ).399
Semi-empirical equations have been formulated to describe the absorptive properties (γ∞400
and αw) of the surface layer and the diffusivity in the inner layer of FEP film. Additional401
studies are needed to characterize the temperature effect on the vapor uptake process. Wa-402
ter molecules dissolved in the Teflon film provide extra sinks on the wall for hydrophilic403
compounds. Under sufficiently high RH conditions, where a thin film of condensed water404
is present on the Teflon surface, the wall becomes an increasingly competitive reservoir for405
hydrophilic compounds. The challenge is to design VOC oxidation chamber experiments406
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under different RH levels so as to minimize vapor transport to the chamber walls. To better407
constrain the measured vapor-wall loss rate (e.g. the “apparent” first-order rate constant408
kw), recommended parameters and guidelines are given in Table 1, which can facilitate a409
comprehensive consideration of the sinks of gas-phase species in a typical SOA formation410
experiment.411
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Table 1: Parameters Representing Vapor-Wall Deposition in Chambersa
Parameter Expression
k1: forward rate (s
−1)
(
A
V
)
vl
k–1: backward rate (s
−1)
109
LeKw
vl or
(
A
V
)
vl
γ∞c∗
103Cw
MWw
MWvoc
k2: first-order loss rate (s
−1) Fig. 5 or from measurementb
Le: Surface layer thickness (nm) 5
Kw: dimensionless equilibrium constant
109ρw
γ∞c∗
MWvoc
MWw
Cw: equivalent wall concentration (mg m
−3) 10.8
(
A
V
)
γ∞: activity coefficient in FEP 103.299 (c∗)−0.6407 (Fig. S2-A)
vl: wall deposition velocity (m s
−1)
(
pi
2
1√
keDg
+
4
αwω
)−1
αw: wall accommodation coefficient 10
−2.744 (c∗)−0.6566 (Fig. S3)
Deff: effective diffusivity in FEP film (m2 s−1) 10−17.05 (θ − 110.9)−1.695 (c∗)0.1831
ρw: Teflon FEP density
19 (kg m−3) 2150
c∗: vapor saturation concentration (µg m−3) species dependent (ref23)
ke: eddy diffusivity coefficient
12 (s−1) 0.004 + 10−2.25 (V )0.74
V : chamber volume (m3) chamber dependent
A: chamber surface area (m2) chamber dependent
Dg: diffusivity in gas phase (m2 s−1) 5× 10−6
ω: mean molecular velocity (m s−1)
√
8RT
piMWvoc
R: gas constant (kg m2 s−2 K−1 mol−1) 8.314
MWw: average molecular weight of FEP
3 (g mol−1) 200
MWvoc: vapor molecular weight (g mol
−1) species dependent
θ: molecular volume (cm3 mol−1) species dependent (Fig. 3)
a The parameters listed here correspond to the dynamic system X
k1−−⇀↽−
k–1
Y
k2−−→ Z, where X is
the species of interest. Detailed discussion of the incorporation of this model framework into
chamber models can be found in SI. VII. b It is recommended to fit the measured signal decay
of species X to the analytical equation in SI. VI to obtain k2, or simply use the asymptotic
relationship kXw =
Keq
1 +Keq
k2, where k
X
w is the “apparent” first-order decay rate constant of
species X, and Keq =
k1
k−1
. In general, the use of the asymptote will not lead to a significant
difference if the measurement lasts several hours.
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Figure 1: Two-layer (dry) and three-layer (moist) models of vapor uptake at the surface
of Teflon film in a laboratory chamber. (A) Two-layer kinetic sorption model. ve and vc
are gas-phase boundary layer and interfacial mass transport coefficients, respectively. Cbg(t)
is the bulk gas-phase concentration, Cs(t) is the concentration (assumed to rapidly achieve
uniformity) within the Surface Layer, and Ci is the transient concentration in the Inner
Layer. The vapor-Teflon wall equilibrium constant, Kw, plays a role similar to that of a
Henry’s law dissolution constant. Time scales, τbulk, τsurf, and τinner, corresponding to each
layer are indicated. (B) Vapor uptake process in the presence of a thin aqueous film on the
Teflon wall. Assumption of H  Kw, where H is the corresponding Henry’s Law constant,
is made. Caq(t) denotes the concentration of dissolved vapor in the aqueous film. Le and
Laq represent the surface layer and aqueous film thicknesses, respectively.
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Figure 2: Deviation from equilibrium state at the end of oxidation period τox as a function
of equilibrium constant Kw
A
V
Le and oxidation period τox for the system represented by
G
k0−−→ X k1−−⇀↽−
k–1
Y, where k0 =
0.05
τox
(s−1, assume 5% of G is consumed at the end of
oxidation period τox), k1 =
A
V
vl (s
−1), k–1 =
1
LeKw
vl (s
−1),
A
V
is the surface area to volume
ratio of the chamber (m−1), vl is the vapor-to-wall mass transport coefficient (m s−1), Le is
the surface layer thickness (m), Kw is the dissolution equilibrium constant of vapor molecule
in Teflon film. The equilibrium constant Keq =
k1
k−1
= Kw
A
V
Le.
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Figure 3: (A) Diffusivity in FEP film inferred from measurements by Zhang et al. 10 using
CIMS and from this study using GC/FID as a function of saturation concentration (c∗)
predicted by EVAPORATION.23,24 (B) Comparison between measured and fitted diffusivity
(Deff in m2 s−1) in Teflon film. The molecular volume (θ in cm3 mol−1) and saturation
vapor concentration (c∗ in µg m−3) dependent fitting equation in (B) is used. Molecular
volume is estimated by summing the characteristic atomic volumes (θ = C×16.35 + H×8.71
+ O×12.43 + N×14.39 cm3 mol−1, where C, H, O, and N represent the number of carbon,
hydrogen, oxygen, and nitrogen atoms in the compound).44 Note: this equation applies only
for molecules with volume exceeding 110.9 cm3 mol−1.
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Figure 4: Signal decay after 20 s of in situ generation of isoprene oxidation products: (A)
C5H8O2 and (B) C5H9O4N at RH = 5%, 50% and > 90% (with aqueous film). Because of the
signal decay caused by the “memory effect” arising from the sampling tube and instrument
inlet,40 the peaks show up ∼ 5 min after lights off.
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Figure 5: Empirical relationship between compound molecular diffusivity Deff (m2 s−1) and
relative inner layer mass transport rate constant k2 (s
−1). k2 is derived by fitting the an-
alytical solution in SI.V to the experimental data, whereas data points from the litera-
ture2,28,30–33,35,36 are calculated by the asymptotic relationship between kw (reported data)
and k2. Diffusivity is predicted by the equation in Fig. 3.
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